We evaluated several 3-day antimicrobial regimens in the treatment of experimental endocarditis caused by an oxacillin-resistant Staphylococcus aureus strain exhibiting intermediate susceptibility in vitro to vancomycin (VISA). Neither vancomycin alone nor trovafloxacin exhibited in vivo efficacy; addition of amikacin to vancomycin yielded a modest in vivo effect. In contrast, the combination of ampicillin and sulbactam was highly effective in vivo, causing a mean decrease in VISA vegetation densities of >5 log 10 CFU/g versus those of untreated controls.
Until recently, vancomycin was uniformly active in vitro against all oxacillin-resistant Staphylococcus aureus (ORSA) strains. However, within the last few years, investigators in Japan and the United States have documented the isolation of ORSA strains with intermediate susceptibility to vancomycin (VISA) (MICs of 4 to 8 g/ml) from patients with recalcitrant clinical infections who were failing vancomycin therapy (7, 8, 12) .
The present study was designed to examine the in vivo efficacies of several antibiotic regimens, including that of the potent new fluoroquinolone agent trovafloxacin, in the treatment of a severe experimental infection caused by VISA, aorticvalve endocarditis. The rabbit animal model provides a rigorous test of antimicrobial efficacy (1, 4, 5, 13, 19) .
VISA MU-50 was kindly provided by K. Hiramatsu, Tokyo, Japan, and has been described in detail previously (11) . This organism was isolated from a child with a relapsing median sternotomy wound infection who was failing vancomycin therapy. Briefly, this strain exhibits heterotypic resistance to both oxacillin (ORSA) and vancomycin (VISA) by population analyses; moreover, compared to vancomycin-susceptible S. aureus strains, MU-50 demonstrates the characteristic VISA phenotypes of excessive cell wall thickness on electron microscopy, increases in penicillin-binding protein production, and upregulation of cell wall murein precursor biosynthesis (12, 17, 20) .
Vancomycin, amikacin, and ampicillin were purchased from commercial sources (Eli Lilly, Indianapolis, Ind.; Faulding Pharmaceuticals, Aguadilla, P.R.; and Bristol-Myers Squibb, Princeton, N.J., respectively). Sulbactam and trovafloxacin (as the prodrug [alatrofloxacin]) were supplied by Pfizer Central Research (Groton, Conn.). For alatrofloxacin, 1 mg is equivalent to ϳ0.80 mg of trovafloxacin (21) . Antibiotics were reconstituted according to the manufacturers' recommendations.
MICs for the VISA strain were determined by a National ] plus 2% NaCl) as previously described (3). The final VISA inoculum was 10 6 CFU/ml (to mirror readily achievable staphylococcal vegetation densities in the endocarditis model [13] ). The antibiotic concentration range tested was 0.125 to 128 g/ml, encompassing the concentrations in serum achieved by these agents in experimental infective endocarditis (IE) when they were administered in the dose regimens used in this study (see below). The MICs were defined as the lowest antibiotic concentrations yielding no visible growth after 24 h of incubation at 32°C. The capacity of sulbactam to enhance the growth inhibitory effects of ampicillin against the VISA strain were evaluated with the broth microtiter dilution system. Antibiotic ranges tested were 0.125 to 128 g/ml for ampicillin and 0.0625 to 64 g/ml for sulbactam, to parallel that of the clinically available formulation of this agent (Unasyn), which provides a 2:1 drug ratio. An enhanced growth inhibitory effect was defined as a reduction in both ampicillin and sulbactam MICs by at least fourfold by the drug combination (13) .
The comparative in vitro bactericidal effects of the various study drugs were delineated by the timed-kill curve method. A final inoculum of 10 6 CFU/ml of logarithmio-phase VISA cells was incorporated into CSMH broth plus 2% NaCl. The final antibiotic concentrations represented five times the in vitro MICs as determined above. For ampicillin-sulbactam combinations, the concentration of each individual drug used was based on the MIC results for the drugs in combination, as defined above. For the vancomycin-amikacin combination, the concentration of each individual drug was based on the results of the MIC studies described above. At 0, 4, 6, and 24 h of incubation at 32°C, 100 l from each growth tube was quantitatively cultured in CSMH agar (plus 2% NaCl) for an additional 48 h and the numbers of surviving CFU were counted. A decline of Ն3 log 10 CFU/ml after 24 h of incubation (versus the 0-h bacterial counts) was considered evidence of a bactericidal effect (13, 19) .
The rabbit model of catheter-induced IE was used to evaluate therapeutic efficacy in this study as previously described (13, 19) . Twenty-four hours after aortic-valve catheterization, animals were challenged intravenously (i.v.) with the 95%-infective-dose inoculum for the VISA strain as determined in pilot studies (ϳ2 ϫ 10 6 CFU). Twenty-four hours postchallenge, blood samples were cultured to document induction of IE. Animals were then randomized to receive either no therapy or their first antibiotic treatment.
The pharmacokinetics of all the antibiotics in the dose regimens used in this study have previously been determined with the rabbit IE model and were not repeated (2, 3, 6, 9, 13, 19) . Moreover, all antibiotic regimens were designed to attain peak levels in plasma above the MICs for all agents against the infecting VISA strain (2, 3, 6, 9) .
Animals received either no therapy (controls) or one of the following antibiotic regimens for For assessment of treatment efficacy, all animals were sacrificed by i.v. sodium pentobarbital overdosage at least 24 h after the last drug dose, to minimize antibiotic carryover effects in vivo. At the time of sacrifice, proper catheter placement across the aortic valve was confirmed. Only animals with proper catheter placement and macroscopic vegetations on the aortic valve were further analyzed. All vegetations from a single animal were removed, weighed, homogenized, serially diluted, and quantitatively cultured. The serial-dilution strategy further minimized potential antibiotic carryover effects. For calculation of the median and mean bacterial densities per gram of vegetation, culture-negative vegetations were assigned a value based on vegetation weight and the lower limit of detection in CFU per gram (13, 19) . For randomly selected vegetation homogenates from untreated controls, parallel plating for quantitative culture was performed with untreated or vancomycin (2 g/ml)-containing CSMH agar plates to confirm retention of the VISA phenotype in vivo.
Fisher's exact test was used for comparing proportional data, while Kruskal-Wallis analysis of variance with the Tukey post hoc correction for multiple comparisons was used for comparing differences between median vegetation staphylococcal densities. P values of Յ0.05 were considered statistically significant.
The MICs (in micrograms per milliliter) for the VISA strain were 8 for vancomycin, 64 for ampicillin, Ͼ128 for sulbactam, 0.5 for amikacin, and 2 for trovafloxacin (the trovafloxacin MIC was within the Food and Drug Administration-approved susceptible range [MIC breakpoint, Յ2 g/ml] determined in 1998). Synergistic growth inhibition was exhibited against the VISA strain by the combination of ampicillin and sulbactam at plasma-achievable levels for both antibiotics in this experimental model (16 and 8 g/ml, respectively).
In timed-kill curves, ampicillin plus sulbactam exerted rapid and substantial bactericidal effects in vitro over the 24-h incubation period at five times the MIC (a mean decrease of 6 log 10 CFU/ml by 4 h of incubation) (Fig. 1) . In contrast, both trovafloxacin and vancomycin exerted slow and incomplete bactericidal effects (mean decreases of 1.3 and 2.6 log 10 CFU/ml, respectively, by 24 h of incubation). This same slow in vitro bactericidal effect with trovafloxacin was observed at eight times the MICs (data not shown). Amikacin alone yielded a rapid bactericidal effect at 6 h of incubation; however, rapid regrowth was observed by 24 h of incubation (data not shown), and phenotypically small-colony variants were commonly observed at this time point. The addition of amikacin to vancomycin yielded a synergistic reduction in VISA density compared to that produced by vancomycin alone by 24 of incubation. In the untreated control animals, the VISA phenotype was retained during in vivo passage, with vegetation densities on antibiotic-free and vancomycin (2 g/ml)-containing media generally being within ϳ1 log 10 CFU/g of each other. For the VISA strain, only the ampicillin-sulbactam regimen was active in terms of significant reductions in intravegetation densities compared to those of untreated controls (Table 1). Moreover, the proportion of vegetations from animals treated with this regimen that were rendered culture negative (85%) was significantly higher than those of vegetations from animals treated with the other antibiotic regimens (0%; P Ͻ 0.005). Although not reaching statistical significance, the addition of amikacin to vancomycin yielded a modest reduction in VISA vegetation densities, compared to those of animals treated with vancomycin alone (ϳ3-log 10 -CFU/g decrease).
VISA strains have been shown to be relatively common in selected geographic locales. For example, Hiramatsu et al. (11) demonstrated, in a survey of more than 1,000 ORSA isolates from more than 200 Japanese hospitals and clinics, that ϳ10% of such strains exhibited the VISA phenotype. The mechanisms underlying the VISA phenotype are incompletely delineated to date. However, VISA strains share the following phenotypic characteristics: (i) decreased cell wall autolytic activity in the face of normal or supranormal cell wall synthetic rates (20) (this dysregulation of cell wall turnover results in excessively thick and irregular cell walls in VISA strains morphologically [20] ); (ii) increased expression of penicillin-binding proteins (17) ; (iii) a nonhydrolytic trapping capacity for glycopeptide antibiotics, in which situation the glycopeptide agent retains bioactivity and yet is prevented from reaching its synthetic target (i.e., cell wall synthetic sites close to the cytoplasmic membrane [20] ); and (iv) lack of the vanA, vanB, or vanC genotype that is the sine quo non of vancomycin-resistant enterococci (18) .
In this study, we evaluated the efficacies of trovafloxacin, ampicillin-sulbactam, and vancomycin (alone or in combination with amikacin) in the therapy of experimental VISA IE due to a well-characterized, heterotypic strain (MU-50). The choice of these antibiotic regimens was based on recent experiences with both human and experimental invasive staphylococcal infections: (i) several recent studies, including one from our own laboratory, have confirmed the in vivo efficacy of trovafloxacin in experimental endocarditis caused by oxacillinsusceptible S. aureus and ORSA strains, as well as oxacillinresistant Staphylococcus epidermidis (ORSE) strains (3, 14, 15) ; (ii) studies from our laboratory have demonstrated the efficacy of high-dose ampicillin-sulbactam regimens in the therapy and prophylaxis of experimental ORSA and ORSE IE (13, 19) ; and (iii) in several published cases of VISA infection (7, 8, 12) , patients were cured with appropriate debridement and/or catheter removals plus antibiotic therapy with ampicillin-sulbactam regimens combined with the aminoglycoside arbekacin. Since arbekacin is unavailable in the United States but is closely related to amikacin, the latter agent was used in our investigation.
Several notable findings emerged from this study. As expected, vancomycin monotherapy was ineffective at reducing VISA vegetation densities. In contrast, the combination of amikacin and vancomycin resulted in a modest reduction in VISA vegetation densities, paralleling the reduction in VISA densities achieved in vitro by the addition of amikacin to vancomycin in timed-kill curves. Although the aberrantly thick cell walls of VISA strains appear to nonhydrolytically trap vancomycin, it is conceivable that sufficient levels of the agent reach the target sites to induce facilitated aminoglycoside uptake (16) . Moreover, it should be emphasized that the treatment course in the present study was only 3 days; it is plausible that a longer treatment regimen with the drug combination may well have yielded an even more salutary outcome against VISA IE. Despite the efficacy of trovafloxacin in several recent investigations of oxacillin-susceptible S. aureus, ORSA, and ORSE IE (3, 14, 15) , this agent had little demonstrable in vivo efficacy against VISA IE caused by the MU-50 strain. It should be emphasized that in those studies, the infecting staphylococcal strains were more susceptible in vitro to trovafloxacin than the MU-50 VISA strain (MICs ranging from 0.06 to 1 g/ml versus 2 g/ml, respectively). It is not known whether the abnormally thick cell wall is capable of trapping trovafloxacin as it does vancomycin. The combination of ampicillin and sulbactam was highly active both in vitro and in vivo against the VISA strain in the present investigation, paralleling its excellent efficacy in previous models of IE due to other staphylococcal strains (3, 13, 19) .
Because of the abnormally thick cell walls of VISA strains, which apparently act as a sink for vancomycin, novel treatment strategies directed against the cell wall may be considered in the future. In this regard, Climo et al. (10) and Patron et al. (18a) have recently shown that lysostaphin, a 27-kDa peptidase that specifically cleaves the pentaglycine cross-links unique to the cell wall of S. aureus, was significantly more active in vivo at reducing vegetation densities of an ORSA strain and a VISA strain, respectively, than vancomycin alone in the rabbit IE model. If the efficacy of lysostaphin is confirmed for VISA strains in this model, this agent may prove useful, either alone or in combination with conventional antibiotic agents, in the therapy of invasive VISA infections. 
